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Abstract 
Excellent front surface passivation is one of the key issues for interdigitated back contact (IBC) silicon solar cells. To 
create a better understanding of passivation properties and find the most important issues when developing 
passivation schemes for various injection conditions, an advanced simulation model is needed. The software package 
Sentaurus TCAD is applied in this work. The main input parameters of the model are the interface state density, the 
amount of fixed charges, the capture cross sections and the activation energies which have been determined 
experimentally as reported previously. As an example, simulation results of the advanced model of the recombination 
at the Si-SiNx interface were presented and compared to the measured data. 
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1. Introduction 
The efficiency of a solar cell is sensitive to variations in both the input light intensity and the spectrum 
of the incident light. However, there is a big variation of the generated output power due to the weather 
condition, location on earth, the season and the time of the day. Solar cells without optimization or 
specific attention to design will give rather low efficiency at reduced illumination intensities. It would be 
meaningful to design solar cell concepts with a limited light intensity dependence. IBC solar cells 
fabricated by SunPower Corp. show high efficiencies at various irradiances [1]. Such results are very 
promising because achieving high efficiency is one of the most important ways of reducing the cost of 
photovoltaics production. 
Front surface passivation is one of the key issues for IBC cells. To have a better understanding of 
passivation properties and find the most important issues when developing passivation schemes for 
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various injection conditions, an advanced simulation model is needed. In this paper, the general 
introduction of the model will be presented first. Subsequently, as an example simulation results of the 
advanced model of the recombination at the Si-SiNx interface will be presented. Finally, some 
conclusions and will be given. 
2. Advanced passivation model 
The total recombination taken into account in our model is a combination of surface recombination 
and the recombination in the space charge region (SCR). The calculation of the recombination rate Us for 
a given semiconductor surface requires the knowledge of the energy dependence of the interface state 
density Dit and capture cross sections. Those individual process parameters are determined 
experimentally. 
In the literature, the impact of illumination level and oxide parameters on SRH recombination at the 
semiconductor surface has been studied by several groups [2], [3]. The described simulation models are 
made mainly for cell structures with a planar non-textured front surface without any front surface field 
(FSF) layer. However, in practice most of the IBC solar cells will have a random-pyramid textured 
surface and n-type IBC cells always have a FSF layer, for good light trapping and surface passivation 
properties. Compared to the traditional models, our model has the following advantages: 
 both planar and textured surfaces can be simulated, 
 any front surface field (FSF) profile (standard shape or external SIMS files) can be simulated, 
 both the SRH recombination and Auger recombination in SCR are simulated. 
3. Results of the advanced passivation model 
In the advanced passivation model, a textured surface and different front surface field profiles are 
included. The model contains two main sub-projects: the optical generation and near surface passivation. 
In the optical generation project, a typical textured surface is assumed. The optical generation can be 
calculated on the smallest optical symmetry element: one inverted pyramid [4]. The output optical 
generation file will be the input optical generation file for the passivation simulation in the other project. 
As an example, we will show the simulation results of the recombination for the Si-SiNx interface 
which we have applied to our IBC cells [5]. The applied symmetrical test structure is realized on 200 µm 
thick, 2 Ω·cm (100) orientated n-type CZ Si wafers, where the FSF and SiNx passivation layer are 
deposited on both sides. In these experiments low frequency (LF) direct PECVD SiNx is applied. On 
some of the samples an in-situ surface pretreatment consisting of a NH3 plasma is applied and an 
additional thermal treatment is done by rapid thermal annealing in a conveyer belt furnace. The key input 
parameters for the simulation model, such as Dit, the amount of fixed charges, the capture cross sections 
and the activation energies are determined experimentally by DLTS measurements and reported in Ref. 
[6] and [7]. The schematic diagram of the comparison approach is illustrated in Fig. 1. 
3.1. Planar (100) samples without FSF 
An example of the effective recombination velocity of planar (100) n-type Si samples with SiNx at 
different light intensity calculated from the measured effective lifetime data and simulated results using 
Sentaurus TCAD are displayed in Fig. 2. The green is the measured data. The purple line is the simulated 
results with the measured minority hole capture cross sections. The blue line is the simulated results with 
the adjusted minority hole capture cross sections. In this case, the hole capture cross section is increased 
from the measured value 1×10-15cm2 to 1.5×10-14cm2. The DLTS system has an error range of 1 to 2 
magnitudes. In addition, the capture cross section has been determined at the peak temperature, not at 
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room temperature. This can explain a change in the capture cross section value as well if the capture cross 
section is temperature dependent. Nevertheless, the difference ratio of the adjustment in our simulation is 
between 5 and 15. Thus, our adjustment of the capture cross section is within the DLTS system error 
range. 
 
Fig. 1: Schematic diagram of the comparison approach for in-depth analysis of front surface passivation properties for n-type IBC 
silicon solar cells using advanced simulation. 
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Fig.2: Effective recombination velocity as a function of excess carrier density from the measured data and simulated results on the 
n-type planar (100) Si sample without any FSF profile, passivated by LF direct PECVD SiNx films with no pre-treatment and no 
firing step. 
Fig.3 shows all the cases of planar (100) n-type Si samples with four different recipes of LF direct 
PECVD SiNx films. As can be observed, good agreement can be obtained between the measurement and 
simulated results under different intensity levels. Our advanced model can successfully simulate the 
planar samples with different SiNx passivation schemes. In general, Seff of n-type silicon with SiNx 
passivation shows no strong dependence on the illumination level. This behavior is due to the positive 
charges which attract majority carriers (accumulation) and repel minority carriers. SiNx schemes with a 
combination of NH3 pre-treatment and RTA step result in the lowest effective recombination velocity 
over all the whole illumination levels. It can be concluded that the positive charges and interface state 
density are two key parameters in the recombination and SiNx passivation schemes with an improved 
recipe can have effective positive charges and sufficiently low Dit. 
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Fig. 3: Seff  as a function of excess carrier density from the measured data and simulated results on the n-type planar (100) Si sample 
without any FSF profile, passivated with 4 different SiNx recipes. 
3.2. Textured samples without FSF 
Similar as before, Fig. 4 presents the effective recombination velocity of textured n-type Si samples 
with 4 different SiNx recipes at different light intensity calculated from the measured effective lifetime 
data and simulated results using Sentaurus TCAD. As can be seen, good agreement can be obtained 
between the measurement and simulated results under different intensity levels. Our advanced model can 
successfully simulate the textured samples with different SiNx passivation schemes. Seff of textured n-type 
silicon with SiNx passivation shows again no strong dependence on the illumination level due to the 
positive charges. Furthermore, the impact of the NH3 pre-treatment and RTA step show different trends 
compared to n-type planar (100) samples, namely the NH3 pre-treatment has no obvious impact but the 
RTA step does improve the passivation quality by reducing the interface state density. It can be concluded 
that the positive charges and interface state density are also the most important parameters in the 
recombination at the Si-SiNx interface and SiNx passivation schemes with an optimized recipe can have 
effective positive charges and sufficiently low Dit. 
 
Fig. 4: Seff as a function of excess carrier density from the measured data and simulated results on the textured n-type Si sample 
without any FSF profile, passivated by 4 different SiNx recipes.  
3.3. Textured samples with FSF 
It is extremely difficult to measure DLTS signals for the textured samples with a FSF, since the gate 
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leakage currents are too high due to the highly doped regions near the surface. Therefore, the Dit 
distribution and capture cross section data cannot be accurately detected. Here we can only show 
measured data of several samples with different FSF profiles and SiNx passivation (with NH3 pre-
treatment and with/without firing). The results are shown in Fig. 5 and Fig. 6. 
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Fig. 5: Effective recombination velocity as a function of excess carrier density calculated from Lock-In QSSPC and QSSPC on 
textured n-type Si samples with different FSF profiles, passivated by LF direct PECVD SiNx films with pre-treatment and no firing 
step. 
Different FSF with fired SiNx passivation layer
 
Fig. 6: Effective recombination velocity as a function of excess carrier density calculated from Lock-In QSSPC and QSSPC on 
textured n-type Si samples with different FSF profiles, passivated by LF direct PECVD SiNx films with pre-treatment and with 
firing step. 
All the curves in Fig. 5, namely the samples without firing, have the similar trends like for planar 
(100) and textured n-type samples without any FSF, namely constant Seff at lower light intensities. 
However, all the fired samples do not show the same trend at low injection levels. This is a rather unique 
phenomenon compared to the case of planar and textured samples without FSF. A possible explanation is 
that hydrogen released from SiNx:H films during the firing step has some reaction with the dopants in the 
highly doped FSF region. In this case, H may react with P by forming P-H pairs and they may play a role 
as scattering centers. In that case, the active doping concentration drops and those scattering centers can 
increase the recombination. More research work needs to be done to fully understand this phenomenon. 
Nevertheless, acceptable front surface recombination velocity at various injection levels can be obtained 
by applying an appropriate front surface field and SiNx passivation schemes where the. SiNx films can act 
as an ARC layer at the same time. 
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4. Conclusions 
An advanced simulation model has been realized to create a better understanding of passivation 
properties and find out the most important issues when developing passivation schemes for various 
injection conditions. Input parameters of the model are the interface state density, the amount of fixed 
charges, the capture cross sections and the activation energies which have been determined by 
experimental characterization [6]. 
Within the error margins of the experimental determined behavior of the surface recombination 
velocity as a function of excess carrier density, a good agreement has been obtained between the 
measurement and simulated data under different intensity levels for both planar and textured samples. 
From the obtained results, it can be concluded that the positive charges and interface state density are also 
the most important parameters in the recombination process of n-type Si-SiNx interface and SiNx 
passivation schemes. With an optimized recipe SiNx films with positive charges and a sufficiently low 
interface state density. 
In the future work, the reason of the unique passivation quality trend of fired SiNx passivation layers 
with front surface fields under low injection levels needs to be investigated. 
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